The structural and dynamic consequence of alterations in membrane lipid composition (specifically cholesterol) in neuronal membranes is poorly understood. Previous work from our laboratory has established bovine hippocampal membranes as a convenient natural source for studying neuronal receptors. In this paper, we have explored the role of cholesterol and proteins in the dynamics and heterogeneity of bovine hippocampal membranes using fluorescence lifetime distribution analysis of the environment-sensitive fluorescent probe Nile Red incorporated into such membranes by the maximum entropy method (MEM), and time-resolved fluorescence anisotropy measurements. The peak position and the width of the lifetime distribution of Nile Red show a progressive reduction with increasing cholesterol depletion from native hippocampal membranes indicating that the extent of heterogeneity decreases with decrease in membrane cholesterol content. This is accompanied by a concomitant decrease of the fluorescence anisotropy and rotational correlation time. Our results point out that the microenvironment experienced by Nile Red is relatively insensitive to the presence of proteins in hippocampal membranes. Interestingly, Nile Red lifetime distribution in liposomes of lipid extracts is similar to that of native membranes indicating that proteins do not contribute significantly to the high level of heterogeneity observed in native membranes. These results could be relevant in understanding the neuronal diseases characterized by defective membrane lipid metabolism.
Introduction
The nervous system characteristically contains a very high concentration of lipids, and displays remarkable lipid diversity [1] . The lipid composition of cells that make up the nervous system is unique and has been correlated with increased complexity in the organization of the nervous system during evolution [2] . Organization and dynamics of cellular membranes in the nervous system play a crucial role in the function of neuronal membrane receptors. Cholesterol is an important lipid in this context since it is known to regulate the function of neuronal receptors [3, 4] thereby affecting neurotransmission and giving rise to mood and anxiety disorders [5] . Interestingly, the central nervous system which accounts for only 2% of the body mass contains ∼ 25% of free cholesterol present in the whole body [6] . Although the brain is highly enriched in cholesterol, the organization and dynamics of brain cholesterol is still poorly understood [7] . Brain cholesterol is synthesized in situ [8] and is developmentally regulated [9] . The organization, traffic, and dynamics of brain cholesterol are stringently controlled since the input of cholesterol into the central nervous system is almost exclusively from in situ synthesis as there is no evidence for the transfer of cholesterol from blood plasma to brain [6] . As a result, a number of neurological diseases share a common etiology of defective cholesterol metabolism in the brain [6, 10] . In addition, several epidemiological studies indicate a possible role of lipids in a variety of neurological disorders which have been shown to involve deregulated lipid metabolism [1, 10] . Yet, the organization and dynamics of neuronal membranes as a consequence of alterations in membrane lipid composition (specifically cholesterol) is poorly understood [7] . In view of the importance of cholesterol in relation to membrane domains [11] [12] [13] [14] [15] , the effect of alteration in the cholesterol content of neuronal membranes on membrane dynamics and protein/receptor function represents an important determinant in the analysis of neurogenesis and several neuropathologies.
Previous work from our laboratory has established native membranes prepared from the bovine hippocampus as a convenient natural source for studying the serotonin 1A (5-HT 1A ) receptor which is an important member of the seven transmembrane domain G-protein coupled receptor family [16] . We have partially purified and solubilized the 5-HT 1A receptor from bovine hippocampus in a functionally active form [17] . Interestingly, we have recently shown the requirement of membrane cholesterol in modulating ligand binding activity of the 5-HT 1A receptor using a number of approaches [4, 18] . In order to correlate these cholesterol-dependent functional changes with changes in membrane organization and dynamics, we have previously utilized Laurdan generalized polarization [19] , and wavelength-selective fluorescence [20] approaches to examine the membrane microenvironment and its modulation with cholesterol and protein content.
Cell membranes could be considered as anisotropic, twodimensional fluid with characteristic dynamics [21] . Considerable evidence shows that the biological membrane exhibits lateral heterogeneity in composition of membrane components and physical properties such as order. The static picture of cell membranes visualized as barriers enclosing various cellular compartments is currently being replaced by a dynamic and heterogeneous description. The heterogeneity could be manifested as both spatial and temporal domains [22] . Interestingly, cholesterol has been previously reported to influence membrane heterogeneity [13, 22, 23] . Due to their dynamic nature, spectroscopic techniques are conveniently used for monitoring membrane heterogeneity. Fluorescence spectroscopy is extensively used for this purpose due to its intrinsic sensitivity, suitable time scale, and minimum perturbation [24, 25] . In this paper, we have explored the role of cholesterol and proteins in the dynamics and heterogeneity of bovine hippocampal membranes using fluorescence lifetime distribution analysis of Nile Red incorporated into such membranes by the maximum entropy method (MEM), and time-resolved fluorescence anisotropy measurements. Nile Red (9-diethylamino-5H-benzo[α]phenoxazine-5-one), is an uncharged phenoxazone dye, whose fluorescence properties are altered by the polarity of its immediate environment due to a large change in dipole moment upon excitation [26] [27] [28] . This large change in dipole moment has been attributed to charge separation between the diethylamino group which acts as the electron donor and the quinoid part of the molecule which serves as the electron acceptor.
Materials and methods

Materials
Cholesterol, MβCD, DMPC, EDTA, EGTA, iodoacetamide, PMSF, sucrose, polyethylenimine, sodium azide, Na 2 HPO 4 , Nile Red, Tris and MOPS were obtained from Sigma Chemical Co. (St. Louis, MO). BCA reagent kit for protein estimation was from Pierce (Rockford, IL). Amplex Red cholesterol assay kit was from Molecular Probes (Eugene, OR). Concentrations of stock solution of Nile Red in methanol were estimated using the molar extinction coefficient (ε) of 45,000 M − 1 cm − 1 at 552 nm [29] . All other chemicals used were of the highest purity available. Solvents used were of spectroscopic grade. Water was purified through a Millipore (Bedford, MA) Milli-Q system and used throughout. Fresh bovine brains were obtained from a local slaughterhouse within 10 min of death and the hippocampal region was carefully dissected out. The hippocampi were immediately flash frozen in liquid nitrogen and stored at −70°C till further use.
Methods
Preparation of native hippocampal membranes
Native hippocampal membranes were prepared as described previously [19] . Native membranes were suspended in a minimum volume of 50 mM Tris, pH 7.4 buffer, homogenized using a hand-held Dounce homogenizer, flash frozen in liquid nitrogen and stored at − 70°C. Protein concentration was assayed using the BCA reagent with bovine serum albumin as standard [30] . The phospholipid content of these membranes is typically ∼ 960 nmol/mg of total protein [31] .
Cholesterol depletion of native membranes
Native hippocampal membranes were depleted of cholesterol using MβCD as described previously [18, 31] . Briefly, membranes with a total protein concentration of 2 mg/ml were treated with different concentrations of MβCD in 10 mM MOPS buffer (pH 7.4) at 25°C in a temperature controlled water bath with constant shaking for 1 h. Membranes were then spun down at 50,000×g for 5 min, washed once with MOPS buffer and resuspended in the same buffer. Cholesterol was estimated using the Amplex Red cholesterol assay kit [32] .
Lipid extraction from native and cholesterol-depleted membranes
Lipid extraction was carried out according to the method of Bligh and Dyer [33] from native hippocampal membranes. The lipid extract was finally resuspended in a mixture of chloroform-methanol (1:1, v/v).
Estimation of inorganic phosphate
Concentration of lipid phosphate was determined subsequent to total digestion by perchloric acid [34] using Na 2 HPO 4 as standard. DMPC was used as an internal standard to assess lipid digestion. Samples without perchloric acid digestion produced negligible readings.
Sample preparation
Membranes (native and cholesterol-depleted) containing 100 nmol of total phospholipid were suspended in 2 ml of 10 mM MOPS buffer (pH 7.4). The amount of Nile Red added from a methanolic stock solution was such that the final fluorophore concentration was 0.2 mol% (1 mol% for steady state fluorescence measurements) with respect to the total phospholipid content. The resultant probe concentration was 0.1 μM (0.5 μM for steady state fluorescence measurements) in all cases and the methanol content was always low (0.02-0.09%, v/v). This ensures optimal fluorescence intensity with negligible membrane perturbation. Nile Red was added to membranes while being vortexed for 1 min at room temperature (∼ 25°C) and kept in the dark for 1 h before measurements. Background samples were prepared the same way except that Nile Red was omitted. The protein concentration was ∼ 0.04 mg/ml.
Lipid extracts containing 100 nmol of total phospholipid in chloroformmethanol (1:1, v/v) were mixed well with 1 nmol of Nile Red in methanol. The sample was mixed well and dried under a stream of nitrogen while being warmed gently (∼ 45°C). After further drying under a high vacuum for at least 6 h, 2 ml of 10 mM MOPS, pH 7.4 buffer was added and lipid samples were hydrated (swelled) at ∼ 70°C while being intermittently vortexed for 3 min to disperse the lipid and form homogeneous multilamellar vesicles (MLVs). The
MLVs were kept at ∼ 70°C for an additional hour to ensure proper swelling as the vesicles were formed. Such high temperatures were necessary for hydrating the samples due to the presence of lipids with high melting temperature in neuronal tissues [35] . Samples were kept in the dark at room temperature (∼ 25°C) overnight before taking fluorescence measurements. MOPS buffer was used to avoid any change in pH due to temperature change since the change in pK a /°C for MOPS is negligible (− 0.006) [36] .
Steady state fluorescence measurements
Steady state fluorescence measurements with Nile Red were performed with a Hitachi F-4010 steady state spectrofluorometer equipped with a stirring accessory and thermostated (±0.1°C) by a circulating water bath, using 1 cm path length quartz cuvettes. While heating, the sample temperature was continuously measured with a thermocouple. Excitation and emission slits with nominal bandpass of 5 nm were used for all measurements. Background intensities of samples in which the fluorophore was omitted were negligible in most cases and were subtracted from each sample spectrum to cancel out any contribution due to the solvent Raman peak and other scattering artifacts. Steady state fluorescence anisotropy measurements were performed using a Hitachi polarization accessory. Anisotropy values were calculated from the equation [37] :
where I VV and I VH are the measured fluorescence intensities (after appropriate background subtraction) with the excitation polarizer vertically oriented and emission polarizer vertically and horizontally oriented, respectively. G is the grating correction factor and is the ratio of the efficiencies of the detection system for vertically and horizontally polarized light, and is equal to I HV /I HH . All experiments were done with multiple sets of samples and average values of anisotropy are shown in Figs. 4c and 8a.
Time-resolved fluorescence measurements
Time-resolved fluorescence decays were obtained by time correlated single photon counting (TCSPC) setup coupled to a picosecond laser. The exciting laser source was a cavity dumped, mode-locked, picosecond Rhodamine 6G dye laser (570-630 nm) (Spectra Physics) synchronously pumped by the frequency doubled (532 nm, 400-600 mW) output of CW, mode-locked Nd-YAG laser (Spectra Physics series 3000). A pulse repetition rate of 82 MHz was reduced to a repetition rate of 800 kHz by cavity dumping (in the Rhodamine 6G dye laser). The dye was continuously circulated to avoid any photobleaching. The pulse width of the excitation laser beam was typically 4-10 ps, and the average power was typically between 15 and 30 mW. The fundamental wavelengths of the Rhodamine 6G dye laser used for exciting the fluorophores are within 570-630 nm. Samples were excited at 575 nm. Since the pulse repetition rate of the laser pulses was 800 kHz, the fluorescence photons were collected at the count rate of b8000 counts/s. The instrument response function (IRF) was measured using a scattering solution of dilute non-dairy creamer in water. Non-dairy creamer in water is a suspension of fine particles without any fluorescence and we have also found a very similar IRF with other non-fluorescence suspensions. The Full Width at Half Maximum (FWHM) of the IRF was typically ∼ 40 ps.
The samples were thermostated (±0.1°C) by a circulating water bath in 1 cm path length quartz cuvettes. While heating, the sample temperature was continuously measured with a thermocouple. For the measurement of fluorescence lifetimes, fluorescence decay was collected from the sample after excitation with the emission polarizer oriented at the magic angle (54.7°) with respect to the excitation polarizer. The fluorescence decay collected at the magic angle represents the total fluorescence intensity decay because of the absence of any anisotropic components in the fluorescence decay at this particular angle. The fluorescence emission at magic angle (54.7°) was dispersed in a monochromator (spectral width 2.5 nm) and counted (3-4 × 10 3 s − 1 ) by a microchannel plate photomultiplier, and processed through constant fraction discriminator, time-to-amplitude converter and multichannel analyzer. To optimize the signal to noise ratio, 20,000 photon counts (10,000 photon counts for time-resolved fluorescence anisotropy measurements) were collected in the peak channel. All experiments were performed using excitation and emission slits with a nominal bandpass of 2 nm or less. The data stored in a multichannel analyzer was routinely transferred to an IBM PC for analysis. Fluorescence intensity decay curves so obtained were deconvoluted with the instrument response function and analyzed as a sum of exponential terms:
where F(t) is the fluorescence intensity at time t and α i is a preexponential factor representing the fractional contribution to the time-resolved decay of the component with a lifetime τ i such that ∑ i α i = 1. The decay parameters were recovered using a nonlinear least squares iterative fitting procedure based on the Levenberg-Marquardt algorithm [38, 39] . The homemade software for iterative deconvolution also includes statistical and plotting subroutine packages. The goodness of the fit of a given set of observed data and the chosen function was evaluated by the reduced χ 2 ratio, the weighted residuals [40] , and the autocorrelation function of the weighted residuals [41] . A fit was considered acceptable when plots of the weighted residuals and the autocorrelation function showed random deviation about zero with a minimum χ 2 value not more than 1.2. The fluorescence decays were analyzed by the discrete exponential analysis as well as the maximum entropy method (MEM). Mean amplitude-averaged lifetimes (τ m ) for triexponential decays of fluorescence were calculated from the decay times and preexponential factors using the following equation [37] :
Maximum Entropy Method (MEM) analysis of fluorescence intensity decay
The fluorescence decay data analysis by MEM is a less biased and more robust way of data analysis [42] [43] [44] . In MEM, the fluorescence intensity decay (I(t)) is analyzed to the model of continuous distribution of lifetimes.
Here, α(τ) represents the amplitude corresponding to the lifetime τ in the intensity decay. In practice, the limits on the above integration are set based on the information regarding the system under study and the detection limit of the instrument. In our case, the lower and the upper limits of the integration was set as 10 ps and 10 ns, respectively. For practical purposes, the above equation can be written in terms of a discrete sum of exponentials as
where N represents the total number of exponentials. In our data analysis, N is taken as 100 exponentials equally spaced in the log(τ) space between the lower and upper limits. MEM initially starts with a flat distribution of amplitudes α(τ), i.e., each lifetime has equal contribution in the beginning and arrives at the amplitude distribution which best describes the observed experimental fluorescence intensity decay. The optimization of the amplitude distribution α(τ) is carried out in successive cycles by minimizing the χ 2 value (close to 1.0) and maximizing the entropy (S) [42] . The expression used for S is the Shannon-Jayne's entropy function, which is
Successive iterations provide distribution that minimize χ 2 and maximize S. If the χ 2 criterion is satisfied by many distributions in a particular iteration, then the distribution with maximum entropy is selected. The analysis is terminated when χ 2 reaches the specified lower limit or when χ 2 and α(τ) show no change in successive iterations. MEM analysis gives a lifetime distribution that is model independent.
Analysis of time-resolved fluorescence anisotropy
For the measurement of time-resolved fluorescence anisotropy, GlanThompson prism polarizers were used. The fluorescence intensity decays were collected with the emission polarizer kept at parallel (I ‖ ) and perpendicular (I ⊥ ) orientations with respect to the excitation polarizer. These polarized components were then corrected for the grating factor (G-factor). The G-factor is defined as the ratio of the transmission efficiency of the grating for vertically polarized light to horizontally polarized light. The G-factor of the TCSPC set-up was measured by the area matching method, using Nile Red in a homogeneous solvent such as methanol. Using the experimentally obtained G-factor, for the sample whose anisotropy decay was to be experimentally measured, I ⊥ was collected for the time t ‖ G where t ‖ is the time for which I ‖ was collected. These two polarized intensity decays were used to compute the fluorescence anisotropy decay according to the following equation [37] : r t ð Þ ¼ I t ðtÞ À I 8 ðtÞ I t ðtÞ þ 2I 8 ðtÞ ð7Þ
where
and
The equation for time resolved fluorescence anisotropy for any system can be expressed as
where, ϕ j and β j represents the jth rotational correlation time and the corresponding pre-exponential factor in the M exponential anisotropy decay with ∑β i = 1. r 0 and r ∝ represent the anisotropies at zero time (initial anisotropy) and at infinite time (residual anisotropy) respectively. The goodness of the fit of a given set of observed data and the chosen function was evaluated by the reduced χ 2 ratio which ranged between 1.0 and 1.2. The initial anisotropy r 0 was determined to be 0.33 at excitation and emission wavelength of 575 and 620 nm, respectively (2.5 μM Nile Red in 100% glycerol; time per channel as 80 ps). The residual anisotropy r ∝ in the anisotropy equation above represents the rotational freedom of the molecule. When the probe is in a homogeneous medium where it can rotate freely in all directions, r ∝ becomes zero. However, this is not true if the probe is in a restricted environment in the time range when the anisotropy is measured.
In the case of membranes, the anisotropy gets depolarized not only because of the rotational motion of the probe but also due to the global or segmental motion of the membrane components. If ϕ L denotes correlation time for the restricted local motion of the probe and ϕ M the correlation time for the segmental motion of the membrane components, then the above equation can be written as follows [37] :
which can be simplified as
Upon comparing the above two equations, we can show that
It is interesting to note that when ϕ L ⋘ ϕ M , ϕ 1 ≅ ϕ L , and when ϕ M → ∝, Eq. (10) becomes (8).
Results
Fluorescence characteristics of Nile Red in hippocampal membranes
Nile Red fluorescence is known to be sensitive to the polarity of the medium, i.e., the dielectric environment. In a polar environment, Nile Red has a low fluorescence quantum yield, whereas in more hydrophobic environments its quantum yield increases and its emission maximum becomes progressively blue shifted [26] [27] [28] 45] . We have recently shown that the fluorescence emission maximum of Nile Red in dioleoyl-snglycero-3-phosphocholine (DOPC) membranes displays a shift toward lower wavelength (blue shift) in presence of cholesterol [45] . The intensity-normalized excitation and emission spectra of Nile Red in native membranes are shown in Fig. 1 , and the fluorescence emission maximum was found to be 588 nm (see Table 1 ). We carried out cholesterol depletion in native hippocampal membranes using MβCD. MβCD is a water-soluble compound, and has previously been shown to selectively and efficiently extract cholesterol from hippocampal membranes by including it in a central nonpolar cavity [18] . Table 2 shows that upon treatment with increasing concentrations of MβCD, the cholesterol content of bovine hippocampal membranes decreases progressively resulting in a reduction in cholesterol/phospholipid ratio (mol/mol). This effect levels off with Fig. 1 . Fluorescence excitation and emission spectra of Nile Red in native hippocampal membranes (--), cholesterol-depleted (with 40 mM MβCD) membranes (-), liposomes of lipid extract from native membranes (---), and liposomes of lipid extract from cholesterol-depleted (with 40 mM MβCD) membranes (-·-). The spectra are intensity-normalized at the respective excitation and emission maximum. The emission wavelength was 582 nm for the excitation spectra and the excitation wavelength used was 545 nm for recording the emission spectra in all cases. The individual excitation and emission maxima are listed in Table 1 . The protein concentration was ∼ 0.04 mg/ml. Phospholipid concentration was 0.07 mM and the ratio of fluorophore (Nile Red) to total phospholipid was maintained at 1:50 (mol/mol). See Materials and methods for other details.
increasing concentrations of MβCD (see Table 2 ). Importantly, we have previously shown that the change in phospholipid content under these conditions is negligible [18] [19] [20] . This shows that the depletion of cholesterol by MβCD is predominantly specific (see also [18] ). The emission maximum of Nile Red in cholesterol-depleted hippocampal membranes (when treated with 40 mM MβCD) was found to be 610 nm ( Fig. 1 and Table 1 ). The emission maximum therefore displays a red shift of 22 nm (from 588 to 610 nm) upon cholesterol depletion (see Fig. 1 and Table 1 ), in agreement with our previous results using model membranes [45] . This indicates that Nile Red experiences a more polar environment upon depletion of cholesterol. This is contrary to earlier results which indicated that cholesterol decreases hydrophobicity (increases water penetration) from the polar headgroup region to a depth of approximately carbon-9 of the phospholipid acyl chain [46] , especially keeping in mind the interfacial localization of Nile Red in the membrane [45] . While this is somewhat surprising, it brings out the fact that the fluorescence emission maximum is influenced by a number of environmental factors and it is not always easy to interpret peak shifts in emission maximum, especially in microheterogeneous media such as membranes. On the other hand, the emission maximum of Nile Red in liposomes from lipid extract of native membranes is 584 nm (see Table 1 ), closer to that of native membranes. Interestingly, the emission maximum of Nile Red in lipid extracts made from cholesteroldepleted membranes (611 nm) is similar to that of cholesteroldepleted native membranes.
Lifetime distribution and fluorescence anisotropy of Nile Red in hippocampal membranes
Representative fluorescence intensity decay profiles of Nile Red incorporated in hippocampal membranes and cholesterol-depleted membranes with its triexponential fitting and various statistical parameters used to check the goodness of the fit are shown in Fig. 2 Fluorescence lifetimes of Nile Red under various conditions were also analyzed by the discrete analysis method (see Table 3 ). We chose to use the mean fluorescence lifetime as an important parameter for describing the behavior of Nile Red incorporated into membranes since it is independent of the number of exponentials used to fit the time-resolved fluorescence decay. The mean fluorescence lifetimes of Nile Red in native and cholesterol-depleted membranes as well as in liposomes of lipid extracts from native membranes are shown in Table 3 (also see Fig. 4a ). As seen from the table, all fluorescence decays could be fitted well with a triexponential function. The mean fluorescence lifetimes of Nile Red in these membranes were calculated using Eq. (3) and shown in the last column of Table 3 . The lifetime of Nile Red in hippocampal membranes is found to be ∼3.57 ns. This is consistent with earlier literature values since the lifetime of Nile Red incorporated in various membranes have previously been reported to be ∼ 3-4 ns [25, 45, 47] . More importantly, the mean fluorescence lifetimes and the peak positions (from resultant lifetime distribution obtained by MEM analysis) of Nile Red in hippocampal membranes decrease with increasing concentrations of MβCD, i.e., as a function of cholesterol depletion (see Figs. 4a, b) . The percentage change in mean fluorescence lifetime upon cholesterol depletion (when treated with 40 mM MβCD) is ∼ 18%. In water, however, Nile Red lifetime reduces to ∼1.6 ns [47] , which could be attributed to hydrogen bonding interactions between the fluorophore and the solvent [45] . It is well known that fluorescence lifetime of Nile Red is sensitive to solvent properties, temperature, and excited-state interactions [26] [27] [28] . This is in agreement with our earlier results in which it was shown that the fluorescence lifetime of Nile Red increases with increase in cholesterol content of the membrane [45] . Interestingly, there is significant reduction in mean fluorescence lifetime of Nile Red upon a We have used the term maximum of fluorescence emission in a somewhat wider sense here. In every case, we have monitored the wavelength corresponding to maximum fluorescence intensity, as well as the center of mass of the fluorescence emission. In most cases, both these methods yielded the same wavelength. In cases where minor discrepancies were found, the center of mass of emission has been reported as the fluorescence maximum.
b The ratio of Nile Red to total phospholipids is 1:50 (mol/mol). depletion of protein from the hippocampal membrane (see Table 3 ).
The steady state fluorescence anisotropy (r ss ) of Nile Red incorporated in hippocampal membranes as a function of increasing cholesterol depletion is shown in Fig. 4c . The fluorescence anisotropy (r ss ) of Nile Red shows a significant decrease with progressive depletion of cholesterol indicating an overall decrease in membrane order as monitored by Nile Red. In order to ensure that the observed change in anisotropy of Nile Red in native membranes (Fig. 4c) is not due to any change in lifetime (see Table 3 and Fig. 4a ), the apparent rotational correlation times for Nile Red were calculated using Perrin's equation [37] :
where r o is the limiting anisotropy of Nile Red, and τ m is the mean fluorescence lifetime as calculated from Eq. (3). The values of the apparent rotational correlation times, calculated this way using a value of r o of 0.33 [25] , are shown in Fig. 4d with increasing cholesterol depletion. The apparent rotational correlation time represents the overall rotational dynamics of Nile Red in these membranes. The progressive reduction in apparent rotational correlation time with increasing cholesterol depletion therefore indicates that the rotational dynamics becomes faster upon removal of cholesterol (Fig. 4d) . Importantly, the overall trend in the change in apparent rotational correlation times with cholesterol depletion parallels the observed change in fluorescence anisotropy. This ensures that the observed change in anisotropy values is free from lifetimeinduced artifacts.
Correlation of the width of the lifetime distribution with the cholesterol-and protein-induced heterogeneity in hippocampal membranes
Fluorescence decay kinetics of probes incorporated in complex systems generally display a considerable level of heterogeneity. The lifetime distribution of fluorescent probes represents a powerful method for characterizing complex systems such as membranes. The width of the lifetime distribution has been used to interpret the integrity and heterogeneity of membranes [24, 25, 48] . Nile Red lifetime distribution in the native membrane was found to be significantly broader as compared to that of the cholesteroldepleted membrane (see Figs. 3 and 5) . This is consistent with the previous observation that cholesterol increases the width of the lifetime distribution of Nile Red incorporated in model [25, 48] and cell [24] membranes. The peak position (Fig. 4b ) and the width of the lifetime distribution (Fig. 5) shows a progressive reduction with increasing cholesterol depletion from native hippocampal membranes. This clearly shows that the extent of heterogeneity decreases with decrease in membrane cholesterol content. Interestingly, Nile Red lifetime distribution in liposomes of lipid extracts is similar to that of native membranes indicating that proteins do not contribute significantly to the high level of heterogeneity observed in native membranes (see Figs. 3b and 7c) .
The observed decrease in the width of the lifetime distribution (FWHM) with depletion of cholesterol from native membranes (see Fig. 5 ) is interesting. We confirmed that the increase in the width of the lifetime distribution was real and not an artifact caused by factors such as an inadequate signal to noise ratio, and collection of incomplete decay [44] . This was achieved by monitoring the width of the lifetime distribution as a function of the signal to noise ratio of the collected data (represented by the count in the peak channel). The limiting width obtained at a high signal to noise ratio was taken as the real width demanded by the system [24, 25, 44, 48] .
We found an increase in the width of the lifetime distribution with increasing cholesterol content clearly indicating cholesterol-induced heterogeneity in bovine hippocampal membranes (Figs. 3 and 5) . Cholesterol is often found distributed nonrandomly in domains or pools in biological and model membranes [11] [12] [13] [14] [15] and many of these domains are believed to be important for the maintenance of membrane structure and function [7, 12, 22, 49] . However, detailed spatiotemporal characterization of such domains is only beginning to be addressed [49] . The broad distribution of lifetimes obtained here shows that the structure of cholesterol-induced domains is highly heterogeneous. These results are in agreement with our previous observation that the cooperativity index of the apparent thermal phase transition, as monitored by changes in Laurdan excitation generalized polarization (excitation GP), shows an increase upon cholesterol depletion [19] . This indicates that cholesterol depletion results in a relatively homogeneous membrane.
Time-resolved anisotropy of Nile Red in hippocampal membranes
The information about the rotational dynamics is provided by the time-resolved anisotropy of Nile Red. Fig. 6a shows the time-resolved decay of fluorescence anisotropy of Nile Red in native hippocampal membranes and cholesterol-depleted membranes. The kinetics could be fitted to a sum of three exponentials, and the values of the rotational correlation time (ϕ) are given in Table 4 . The time-resolved anisotropy of Nile Red in membranes showed at least three rotational correlation times (see Table 4 ): ϕ 1 in the range of 0.2-0.4 ns (local motion), ϕ 2 in the range of 12-16 ns (segmental motion) and ϕ 3 is longer than 200 ns (global motion). The lower limit of ϕ 3 comes from our observation window of ∼ 35 ns, which is dictated by the fluorescence lifetime. However, ϕ 2 , which represents the segmental motion of Nile Red (relevant in the context of membrane lipid dynamics) within a cone defined by the relative amplitudes [50] , show a relatively weak dependence on the depletion of cholesterol from the native membrane (see Fig. 6b ). Fig. 6b shows that ϕ 2 (which represents the overall trend of rotational correlation time amongst the three rotational correla- Table 3 using Eq. (3). All other conditions are as in Fig. 2 , except for steady state fluorescence anisotropy (panel c) for which conditions are as in Fig. 1 . The excitation wavelength used was 545 nm and emission was monitored at 585 nm for steady-state fluorescence anisotropy measurements. The apparent rotational correlation times were calculated using Eq. (12) . The data points shown are the means ± S.E. of at least three independent measurements. See Materials and methods for other details. a Excitation wavelength was 575 nm and emission was monitored at 620 nm. All other conditions are as in Fig. 4a and 7a . The errors were ∼10% for all the parameters except τ m for which the error was ∼ 5%. See Materials and methods for other details.
b Calculated using Eq. (3).
tion times, as ϕ 2 ≈ ϕ apparent ) shows a decrease (∼ 25%) as a function of cholesterol depletion in native hippocampal membranes (also see Table 4 ).
Temperature dependence of lifetime distribution, the width of the lifetime distribution and fluorescence anisotropy of Nile Red in hippocampal membranes
The mean fluorescence lifetimes of Nile Red in native membranes and liposomes of lipid extracts from native membranes as a function of increasing temperature (0-60°C) are shown in Table 5 (also see Fig. 7a ). As seen from the table, all fluorescence decays could be fitted well with a triexponential function. The mean fluorescence lifetimes of Nile Red in these membranes were calculated using Eq. (3) and shown in the last column of Table 5 . The lifetime of Nile Red in hippocampal membranes as a function of increasing temperature decreases from ∼ 3.8 to 1.7 ns (∼55%). Interestingly, this is well supported by a corresponding decrease in the peak value of the fluorescence lifetime (Fig. 7b) of Nile Red obtained using the MEM approach in native membranes as a function of increasing temperature. The reduction of fluorescence lifetime appears to indicate an increase in effective polarity in the membrane with increase in temperature, which could be attributed to water penetration in the membrane [19, 25] . Alternatively, this could be the result of enhanced non-radiative decay with increase in temperature. In addition, there is a significant decrease in mean fluorescence lifetime and the peak position (from MEM analysis) of Nile Red in liposomes of lipid extracts from native membranes (see Figs. 7a and b) as a function of increasing temperature.
The widths of the lifetime distribution (FWHM) by MEM analysis of native membranes and liposomes of lipid extracts from native membranes as a function of increasing temperature (0-60°C) are shown in Fig. 7c . The width of the lifetime distribution shows a decrease with increasing temperature in the region 0-20°C and nearly constant thereafter. In general, decrease in the width of lifetime distribution with increase in temperature could be due to an increase in the translational dynamics of the probe resulting in more efficient averaging of a Excitation wavelength was 575 nm and emission was monitored at 620 nm. The errors were ∼ 15% for ϕ 1 and ∼10% for other parameters. All other conditions are as in Fig. 6 . See Materials and methods for other details. b r 0 is the initial anisotropy of Nile Red, and was determined in an independent experiment with excitation and emission wavelength of 575 and 620 nm respectively (2.5 μM Nile Red in 100% glycerol; time per channel as 80 ps). The value of r 0 was kept constant at 0.33 in the analysis. a Excitation wavelength was 575 nm and emission was monitored at 620 nm. All other conditions are as in Fig. 7a . The errors were ∼ 10% for all the parameters except τ m for which the error was ∼ 5%. See Materials and methods for other details.
b Calculated using Eq. (3). its environment during the lifetime of the probe. However, the trend in FWHM with temperature appears noisy and the decrease in FWHM does not appear to be substantial keeping in mind the temperature range (0-60°C). FWHM of lifetime distribution could decrease only if the probe samples all the environments during its excited state lifetime. However, this may not be possible given the diffusion coefficient of the probe in its excited state lifetime. Any realistic increase in the translational dynamics in this temperature range therefore is unlikely to result in effective averaging of environment around the probe (see later). Another probable reason for no substantial change in heterogeneity from 20 to 60°C could be the limiting width of Nile Red which is limited by the available signal to noise ratio. However, this is unlikely since the width observed in DMPC membranes is in the range of 0.4-0.6 ns [24, 25] . Nile Red lifetime distribution in liposomes of lipid extracts from native membranes is similar to that of the native membrane at higher temperatures (N20°C) (see Fig. 7c) . Interestingly, the level of heterogeneity appears to be more or less constant in the temperature range of 20-60°C. Therefore, it appears that the extent of heterogeneity characteristic of the native hippocampal membrane (at ∼20°C) does not reduce significantly at high temperature (up to 60°C) and the native heterogeneity is preserved even at high temperatures. The steady state fluorescence anisotropy (r ss ) of Nile Red incorporated in native membranes and cholesterol-depleted membranes with increasing temperature is shown in Fig. 8a . The fluorescence anisotropy (r ss ) of Nile Red shows a significant decrease with increasing temperature both in native Table 5 using Eq. (3) . FWHM values were calculated from MEM distribution of Nile red. All other conditions are as in Fig. 2 . The data points shown are the means ± S.E. of at least nine independent measurements. See Materials and methods for other details. and cholesterol-depleted membranes, indicating a reduction in membrane order. In order to ensure that the observed change in anisotropy of Nile Red in native membranes (Fig. 8a) is not due to any change in lifetime (see Table 5 and Fig. 7a ), the apparent rotational correlation times for Nile Red were calculated using Perrin's equation (Eq. (12) ). The values of the apparent rotational correlation times, calculated this way using a value of r o of 0.33 [25] , are shown in Fig. 8b . The overall trend in the change in apparent rotational correlation times with increasing temperature parallels the observed change in anisotropy. This ensures that the observed change in anisotropy values is free from lifetime-induced artifacts.
3.6. Temperature dependence of time-resolved anisotropy of Nile Red in hippocampal membranes Fig. 9a shows the time-resolved decay of fluorescence anisotropy of Nile Red in native hippocampal membranes as a function of temperature. As described earlier, the kinetics could be fitted to a sum of three exponentials, and the values of the rotational correlation time (ϕ) are given in Table 6 : ϕ 1 in the range of 0.1-0.12 ns (local motion), ϕ 2 in the range of 3-54 ns (segmental motion) and ϕ 3 is longer than 200 ns (global motion). Since ϕ apparent ≥ τ m (where τ m is the fluorescence lifetime of Nile Red), the rotational motion is not expected to effectively average the environment around Nile Red. The lower limit of ϕ 3 comes from our observation window of ∼ 35 ns, which is dictated by the fluorescence lifetime. However, ϕ 2 , which represents the segmental motion of Nile Red (relevant in the context of lipid dynamics in the membrane) within a cone defined by the relative amplitudes [50] , shows a strong dependence with temperature (see Fig. 9b ). Fig. 9b shows that ϕ 2 (which represents the overall trend of rotational correlation time amongst the three rotational correlation times, as ϕ 2 ≈ ϕ apparent ) shows a substantial reduction (∼ 95%) as a function of increasing temperature in native hippocampal membranes (also see Table 6 ). This further supports our earlier observation where a decrease in membrane order has been indicated with increased temperature in native hippocampal membranes [19] .
Discussion
Although the membrane lipid composition of bovine hippocampus is not known, the phospholipid composition of rat hippocampus has recently been reported [51] [52] [53] . Analysis of the phospholipid composition of the rat hippocampus shows phosphatidylethanolamine, phosphatidylcholine, and phosphatidylserine as the predominant headgroups, while the fatty acid composition shows enrichment with 16:0, 18:0, 18:1, 18:2, 20:4, and 22:6 fatty acids. In addition, plasmalogens have been reported in rat hippocampus. In this paper, we have monitored the influence of cholesterol and proteins on the dynamics and heterogeneity of hippocampal membranes using fluorescence lifetime distribution analysis of Nile Red using the MEM approach and time-resolved fluorescence anisotropy measurements. Nile Red has been previously used as a fluorescent probe for monitoring hydrophobic surfaces in proteins [54] , protein- a Excitation wavelength was 575 nm and emission was monitored at 620 nm. The errors were ∼ 15% for ϕ 1 and ∼10% for other parameters. All other conditions are as in Fig. 9 . See Materials and methods for other details. b r 0 is the initial anisotropy of Nile Red, and was determined in an independent experiment with excitation and emission wavelength of 575 and 620 nm respectively (2.5 μM Nile Red in 100% glycerol; time per channel as 80 ps). The value of r 0 was kept constant at 0.33 in the analysis. detergent complexes [55] , and as a lipid stain in membranes [56, 57] . Knowledge of membrane dynamics would help in analyzing functional data generated by modulation of membrane lipid composition [4, 18] . The interaction between cholesterol and other molecular components in neuronal membranes (such as receptors and lipids) assumes relevance for understanding brain function. The organization and dynamics of cellular membranes in the nervous system is therefore significant for a comprehensive understanding of the functional roles played by the membrane-bound neuronal receptors which are key components in signal transduction in the nervous system. Fluorescence lifetime distribution analysis of membrane probes represents a powerful and sensitive tool in characterizing the membrane organization and dynamics through the heterogeneity of population of the probe [24, 25, 48] . Nile Red has been used for monitoring organization, fluctuation, and heterogeneity in membranes, specifically for membranes containing cholesterol [24, 25, 45, 56] . Unfortunately, the partitioning property of Nile Red in co-existing ordered and disordered phases is not known, and this would somehow limit detailed analysis of membrane heterogeneity. Importantly, analysis of membrane penetration depth using the parallax method points to an interfacial localization of Nile Red in membranes although it is predominantly a hydrophobic molecule [45] .
Effect of cholesterol and proteins on the heterogeneity in hippocampal membranes
Our results show that the emission maximum of Nile Red in cholesterol-depleted hippocampal membranes displays a red shift upon cholesterol depletion ( Fig. 1 and Table 1 ), which indicates that Nile Red experiences a more polar environment upon depletion of cholesterol. This is in agreement with earlier literature in which it was shown using the polarity-sensitive probe Laurdan that cholesterol reduces the polarity of phospholipid bilayers [58] . The peak position (Fig. 4b) and the width of the lifetime distribution (Fig. 5) show a progressive reduction with increasing cholesterol depletion from native hippocampal membranes. The change in FWHM clearly shows that the extent of heterogeneity decreases with decrease in membrane cholesterol content. This is accompanied by a concomitant decrease of the fluorescence anisotropy and rotational correlation time of Nile Red in native hippocampal membranes with removal of cholesterol (see Figs. 4c, d, and 6 ). This is in agreement with our earlier observation in native hippocampal membranes where a decrease in membrane order [18, 19] has been indicated with depletion of cholesterol. We could attribute the change in heterogeneity to the probable variation in the composition of near neighbors and environment around the Nile Red as a function of cholesterol depletion. Alternately, the observed change in heterogeneity could be correlated to the heterogeneity in hydrogen bonding of Nile Red with the surrounding water molecules [45] .
The increase in the width of lifetime distribution caused by cholesterol in hippocampal membranes could be rationalized as due to (i) the presence of heterogeneous domains and (ii) the sampling rate (k) of these domains by Nile Red, which is slower than ∼ 3 × 10 8 s − 1 (inverse of the fluorescence lifetime of Nile Red). The sampling rate could be inferred from the rotational and translational dynamics of Nile Red in the membrane. The translational diffusion coefficient (D) of small neutral molecules (such as Nile Red) in membranes is ∼ 10 − 8 to 10 − 9 cm 2 /s [59] . One of us recently reported the translational (lateral) diffusion coefficient of lipophilic probes in bovine hippocampal membranes to be ∼10 − 9 cm 2 /s [60] . Therefore, the average distance (bxN = (4D trans t) 1/2 [59] traversed by Nile Red during the fluorescence lifetime in hippocampal membranes is ∼ 0.36 Å assuming t as 3.57 ns (fluorescence lifetime of Nile Red, see Table 3 ). Movement by this distance is unlikely to be sufficient for averaging the environment around the probe.
Proteins are essential components of biological membranes and an understanding of the interaction of membrane proteins with the bilayer lipid matrix is essential for the organization and function of membranes [61] . In order to examine whether proteins influence the observed change in dynamics and heterogeneity, we made measurements in liposomes of lipid extracts from native membranes which are devoid of protein but whose lipid composition reflects that of native membranes. Our results indicate that the emission maximum of Nile Red in liposomes from lipid extract of native membranes is closer to that of native membranes while that of liposomes from lipid extracts made from cholesterol-depleted membranes is similar to that of cholesterol-depleted membranes (Table 1) . These observations point out that the microenvironment experienced by Nile Red is relatively insensitive to the presence of proteins in hippocampal membranes. Interestingly, Nile Red lifetime distribution in liposomes of lipid extracts is similar to that of native membranes indicating that proteins do not contribute significantly to the high level of heterogeneity observed in native membranes (Figs. 3b and 7c ). This provides support for lipid vesicles as good biological membrane models.
Temperature dependence of heterogeneity in hippocampal membranes
Our results show a decrease in the mean fluorescence lifetime and the peak value of the fluorescence lifetime of Nile Red in hippocampal membranes as a function of increasing temperature (Figs. 7a, b) . Although decrease in lifetime with increase in temperature could be due to a variety of nonradiative processes, this could possibly indicate an increase in effective polarity in the membrane with temperature because of water penetration in the membrane [19, 25] , in agreement with earlier literature in which the polarity-dependent probe Laurdan was used [62] . Interestingly, the width of the lifetime distribution (Fig. 7c) decreases with increase in temperature in the range of 0-20°C suggesting some structural changes in the membrane architecture. Nile Red lifetime distribution in liposomes of lipid extracts from native membranes is similar to that of the native membrane at higher temperatures thereby indicating that proteins do not contribute significantly to the observed heterogeneity (Fig. 7c) . Moreover, the extent of heterogeneity of the native hippocampal membrane appears to be preserved even at high temperatures. In addition, there is a substantial reduction in the rotational correlation times as a function of increasing temperature in hippocampal membranes. Again, a relatively large change in the rotational dynamics was observed in the temperature range 0-20°C (Figs. 8b and 9b) supporting the model of structural changes in the membrane in this temperature range. Interestingly, we have previously reported that the overall membrane order of hippocampal membranes, as monitored by fluorescence polarization of 1,6-diphenyl-1,3,5-hexatriene (DPH), is maintained even at high temperatures [19] . A schematic representation of cholesteroland protein-induced modulation of membrane heterogeneity in bovine hippocampal membranes is shown in Fig. 10 .
Taken together, our results constitute one of the first reports on the dynamic heterogeneity in hippocampal membranes and its modulation by temperature, and membrane cholesterol and protein contents using fluorescence lifetime distribution and time-resolved anisotropy of Nile Red. This heterogeneity could arise from the cholesterol-induced transient structural defects in the membranes. Further, transient defects could increase the dynamic heterogeneity of the membrane, resulting in a broader distribution of the fluorescence lifetime of Nile Red. These results could be relevant in understanding the complex spatiotemporal organization of neuronal membranes, and may have functional implications in neuronal diseases such as the Smith-Lemli-Opitz syndrome [10, 63] which is characterized by defective membrane sterol metabolism. In this syndrome, there is a reduction in tissue cholesterol levels due to defective biosynthesis of cholesterol which in turn leads to defective membrane organization, dynamics and function [64] .
